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LITHOGRAPHIC APPARATUS WITH ALIGNMENT SUBSYSTEM, 
DEVICE MANUFACTURING METHOD, AND DEVICE 
MANUFACTURED THEREBY 

RELATED APPLICATIONS 

[0001] This application claims priority to European Patent Application 
EP 02080334.2, filed December 16, 2002; European Patent Application 
EP 03075423.9, filed February 14, 2003; and European Patent Application 
EP 03076010.2, filed April 4, 2003, which documents are herein incorporated 
by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to lithographic projection apparatus and 
methods. 

BACKGROUND 

[0003] The term "patterning structure" as here employed should be broadly 
interpreted as referring to any structure or field that may be used to endow an 
incoming radiation beam with a patterned cross-section, corresponding to a 
pattern that is to be created in a target portion of a substrate; the term "light 
valve" can also be used in this context. It should be appreciated that the 
pattern "displayed" on the patterning structure may differ substantially from 
the pattern eventually transferred to e.g. a substrate or layer thereof (e.g. where 
pre-biasing of features, optical proximity correction features, phase and/or 
polarization variation techniques, and/or multiple exposure techniques are 
used). Generally, such a pattern will correspond to a particular functional 
layer in a device being created in the target portion, such as an integrated 
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circuit or other device (see below). A patterning structure may be reflective 
and/or transmissive. Examples of patterning structure include: 

[0004] - A mask. The concept of a mask is well known in lithography, and 
it includes mask types such as binary, alternating phase-shift, and attenuated 
phase-shift, as well as various hybrid mask types. Placement of such a mask in 
the radiation beam causes selective transmission (in the case of a transmissive 
mask) or reflection (in the case of a reflective mask) of the radiation impinging 
on the mask, according to the pattern on the mask. In the case of a mask, the 
support structure will generally be a mask table, which ensures that the mask 
can be held at a desired position in the incoming radiation beam, and that it 
can be moved relative to the beam if so desired. 

[0005] - A programmable mirror array. One example of such a device is a 
matrix-addressable surface having a viscoelastic control layer and a reflective 
surface. The basic principle behind such an apparatus is that (for example) 
addressed areas of the reflective surface reflect incident light as diffracted 
light, whereas unaddressed areas reflect incident light as undiffracted light. 
Using an appropriate filter, the undiffracted light can be filtered out of the 
reflected beam, leaving only the diffracted light behind; in this manner, the 
beam becomes patterned according to the addressing pattern of the matrix- 
addressable surface. An array of grating light valves (GLVs) may also be used 
in a corresponding manner, where each GLV may include a plurality of 
reflective ribbons that can be deformed relative to one another (e.g. by 
application of an electric potential) to form a grating that reflects incident light 
as diffracted light. A further alternative embodiment of a programmable 
mirror array employs a matrix arrangement of very small (possibly 
microscopic) mirrors, each of which can be individually tilted about an axis by 
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applying a suitable localized electric field, or by employing piezoelectric 
actuation means. For example, the mirrors may be matrix-addressable, such 
that addressed mirrors will reflect an incoming radiation beam in a different 
direction to unaddressed mirrors; in this manner, the reflected beam is 
patterned according to the addressing pattern of the matrix-addressable 
mirrors. The required matrix addressing can be performed using suitable 
electronic means. In both of the situations described hereabove, the patterning 
structure can comprise one or more programmable mirror arrays. More 
information on mirror arrays as here referred to can be gleaned, for example, 
from United States Patents No. 5,296,891 and No. 5,523,193 and PCT patent 
applications WO 98/38597 and WO 98/33096, which documents are 
incorporated herein by reference. In the case of a programmable mirror array, 
the support structure may be embodied as a frame or table, for example, which 
may be fixed or movable as required. 

[0006] - A programmable LCD panel. An example of such a construction is 
given in United States Patent No. 5,229,872, which is incorporated herein by 
reference. As above, the support structure in this case may be embodied as a 
frame or table, for example, which may be fixed or movable as required. 

[0007] For purposes of simplicity, the rest of this text may, at certain 
locations, specifically direct itself to examples involving a mask (or "reticle") 
and mask table (or "reticle table' 5 ); however, the general principles discussed 
in such instances should be seen in the broader context of the patterning 
structure as hereabove set forth. 

[0008] A lithographic apparatus may be used to apply a desired pattern onto 
a surface (e.g. a target portion of a substrate). Lithographic projection 
apparatus can be used, for example, in the manufacture of integrated circuits 
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(ICs). In such a case, the patterning structure may generate a circuit pattern 
corresponding to an individual layer of the IC, and this pattern can be imaged 
onto a target portion (e.g. comprising one or more dies and/or portion(s) 
thereof) on a substrate (e.g. a wafer of silicon or other semiconductor material) 
that has been coated with a layer of radiation-sensitive material (e.g. resist). In 
general, a single wafer will contain a whole matrix or network of adjacent 
target portions that are successively irradiated via the projection system (e.g. 
one at a time). 

[0009] Among current apparatus that employ patterning by a mask on a 
mask table, a distinction can be made between two different types of machine. 
In one type of lithographic projection apparatus, each target portion is 
irradiated by exposing the entire mask pattern onto the target portion at once; 
such an apparatus is commonly referred to as a wafer stepper. In an alternative 
apparatus — commonly referred to as a step-and-scan apparatus — each target 
portion is irradiated by progressively scanning the mask pattern under the 
projection beam in a given reference direction (the "scanning" direction) while 
synchronously scanning the substrate table parallel or anti-parallel to this 
direction; since, in general, the projection system will have a magnification 
factor M (generally < 1), the speed V at which the substrate table is scanned 
will be a factor M times that at which the mask table is scanned. A projection 
beam in a scanning type of apparatus may have the form of a slit with a slit 
width in the scanning direction. More information with regard to lithographic 
devices as here described can be gleaned, for example, from United States 
Patent No. 6,046,792, which is incorporated herein by reference. 

[00010] In a manufacturing process using a lithographic projection apparatus, 
a pattern (e.g. in a mask) is imaged onto a substrate that is at least partially 
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covered by a layer of radiation-sensitive material (e.g. resist). Prior to this 
imaging procedure, the substrate may undergo various other procedures such 
as priming, resist coating, and/or a soft bake. After exposure, the substrate 
may be subjected to other procedures such as a post-exposure bake (PEB), 
development, a hard bake, and/or measurement/inspection of the imaged 
features. This set of procedures may be used as a basis to pattern an individual 
layer of a device (e.g. an IC). For example, these transfer procedures may 
result in a patterned layer of resist on the substrate. One or more pattern 
processes may follow, such as deposition, etching, ion-implantation (doping), 
metallization, oxidation, chemo-mechanical polishing, etc., all of which may 
be intended to create, modify, or finish an individual layer. If several layers 
are required, then the whole procedure, or a variant thereof, may be repeated 
for each new layer. Eventually, an array of devices will be present on the 
substrate (wafer). These devices are then separated from one another by a 
technique such as dicing or sawing, whence the individual devices can be 
mounted on a carrier, connected to pins, etc. Further information regarding 
such processes can be obtained, for example, from the book "Microchip 
Fabrication: A Practical Guide to Semiconductor Processing", Third Edition, 
by Peter van Zant, McGraw Hill Publishing Co., 1997, ISBN 0-07-067250-4. 

[00011] A substrate as referred to herein may be processed before or after 
exposure: for example, in a track (a tool that typically applies a layer of resist 
to a substrate and develops the exposed resist) or a metrology or inspection 
tool. Where applicable, the disclosure herein may be applied to such and other 
substrate processing tools. Further, the substrate may be processed more than 
once (for example, in order to create a multi-layer IC), so that the term 
substrate as used herein may also refer to a substrate that already contains 
multiple processed layers. 
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[00012] The term "projection system" should be broadly interpreted as 
encompassing various types of projection system, including refractive optics, 
reflective optics, and catadioptric systems, for example. A particular 
projection system may be selected based on factors such as a type of exposure 
radiation used, any immersion fluid(s) or gas-filled areas in the exposure path, 
whether a vacuum is used in all or part of the exposure path, etc. For the sake 
of simplicity, the projection system may hereinafter be referred to as the 
"lens." The radiation system may also include components operating 
according to any of these design types for directing, shaping, reducing, 
enlarging, patterning, and/or otherwise controlling the projection beam of 
radiation, and such components may also be referred to below, collectively or 
singularly, as a "lens." 

[00013] Further, the lithographic apparatus may be of a type having two or 
more substrate tables (and/or two or more mask tables). In such "multiple 
stage" devices the additional tables may be used in parallel, or preparatory 
steps may be carried out on one or more tables while one or more other tables 
are being used for exposures. Dual stage lithographic apparatus are described, 
for example, in U.S. Patent No. 5,969,441 and PCT Application No. WO 
98/40791, which documents are incorporated herein by reference. 

[00014] The lithographic apparatus may also be of a type wherein the 
substrate is immersed in a liquid having a relatively high refractive index (e.g. 
water) so as to fill a space between the final element of the projection system 
and the substrate. Immersion liquids may also be applied to other spaces in the 
lithographic apparatus, for example, between the mask and the first element of 
the projection system. The use of immersion techniques to increase the 
effective numerical aperture of projection systems is well known in the art. 



3O420953v 1 



P-1514.010-US 



7 

[00015] In the present document, the terms "radiation" and "beam" are used 
to encompass all types of electromagnetic radiation, including ultraviolet 
radiation (e.g. with a wavelength of 365, 248, 193, 157 or 126 nm) and EUV 
(extreme ultra-violet radiation, e.g. having a wavelength in the range 5—20 
nm), as well as particle beams (such as ion or electron beams). 

[00016] Although specific reference may be made in this text to the use of 
lithographic apparatus in the manufacture of ICs, it should be explicitly 
understood that such an apparatus has many other possible applications. For 
example, it may be employed in the manufacture of integrated optical systems, 
guidance and detection patterns for magnetic domain memories, liquid-crystal 
display panels, thin-film magnetic heads, DNA analysis devices, etc. The 
skilled artisan will appreciate that, in the context of such alternative 
applications, any use of the terms "wafer" or "die" in this text should be 
considered as being replaced by the more general terms "substrate" and "target 
portion", respectively. 

[00017] A phase grating alignment technique may have the problem that it 
only works when sufficiently large alignment structures and/or reference 
structures can be used such that the substrate can be initially positioned to 
image the alignment structure onto the reference structure. In other words, 
such a technique may require the capture range of the phase grating alignment 
to be sufficiently large. Large alignment structures and/or reference structures 
are expensive, e.g. because they occupy space on the substrate which could 
otherwise contain circuit components. Therefore, it may be desirable to reduce 
the area of the alignment structures and/or the reference structures. 
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SUMMARY 

[00018] A device manufacturing method according to an embodiment of the 
invention includes using a patterning structure to pattern a beam of radiation 
according to a desired pattern and aligning a substrate, including an alignment 
structure having spatially varying optical properties, relative to the patterning 
structure. In this method, aligning a substrate includes processing light 
affected by the alignment structure to produce measurement light of which the 
intensity varies with the relative position of (1) the spatially periodic alignment 
structure and (2) a reference position relating to the patterning structure. 
Aligning a substrate also includes measuring at least one of intensity 
information and phase information of the measurement light and controlling a 
relative position of the substrate and the patterning structure based on the 
measured information, and detecting a position of a non-periodic feature of the 
alignment structure. 

[00019] An alignment structure according to an embodiment of the invention 
includes at least one phase grating mark having a plurality of adjacent lines 
and spaces with a predetermined periodicity. The alignment structure 
comprises a non-periodic feature located between two parts of the alignment 
structure that have predetermined periodicities along a line. Substrates and 
lithographic apparatus according to embodiments of the invention are also 
disclosed herein. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[00020] Embodiments of the invention will now be described, by way of 
example only, with reference to the accompanying schematic drawings in 
which: 

[00021] Figure 1 depicts a lithographic apparatus according to an 
embodiment of the invention; 

[00022] Figure 2 depicts an alignment subsystem of the lithographic 
apparatus of Figure 1; 

[00023] Figure 3 depicts an alignment structure according to an embodiment 
of the present invention; 

[00024] Figures 4a and 4b depict an alignment subsystem detection signal for 
two implementations of the alignment structure of figure 3; 

[00025] Figure 5 depicts an alignment structure according to another 
embodiment of the present invention, in combination with the detected phase 
signal of the alignment subsystem; 

[00026] Figure 6 depicts a position-dependent period change and resulting 
phase profile of an alignment structure according to a further embodiment of 
the present invention; 

[00027] Figure 7 depicts schematically an alignment subsystem of a 
lithographic apparatus according to a further embodiment of the present 
invention; 
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[00028] Figure 8 depicts a detected signal of the alignment subsystem of 
figure 7; 

[00029] Figure 9 depicts an alignment procedure for a wafer using the 
embodiment of figure 7; 

[00030] Figure 10 depicts an alignment structure according to a further 
embodiment of the present invention; 

[00031] Figure 1 1 depicts a flow-chart for a method of aligning a substrate 
and a mask pattern according to an embodiment of the invention; 

[00032] Figure 12 depicts a top view of part of a substrate; 

[00033] Figure 13 depicts a detection signal; 

[00034] Figure 14 depicts a further top view of part of a substrate; and 

[00035] Figure 15 depicts an alternative alignment subsystem. 

[00036] In the Figures, corresponding reference symbols indicate 
corresponding parts. 

DETAILED DESCRIPTION 

[00037] Embodiments of the invention include, for example, methods and 
apparatus that may be used to provide for alignment of a substrate and a 
patterning structure in which a capture range or a robustness of a periodic 
alignment system is improved. 
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[00038] Figure 1 schematically depicts a lithographic projection apparatus 
according to a particular embodiment of the invention. The apparatus 
comprises: 

■v [00039] A radiation system configured to supply (e.g. having structure 

capable of supplying) a projection beam of radiation. In this particular 
example, the radiation system Ex, IL, for supplying a projection beam PB of 
radiation (e.g. UV or EUV radiation) also comprises a radiation source LA; 

[00040] A support structure configured to support a patterning structure 
capable of patterning the projection beam. In this example, a first object table 
(mask table) MT is provided with a mask holder for holding a mask MA (e.g. 
a reticle), and is connected to a first positioning structure for accurately 
positioning the mask with respect to item PL; 

[00041] A second object table (substrate table) configured to hold a substrate. 
In this example, substrate table WT is provided with a substrate holder for 
holding a substrate W (e.g. a resist-coated semiconductor wafer), and is 
connected to a second positioning structure for accurately positioning the 
substrate with respect to item PL and (e.g. interferometric) measurement 
structure IF, which is configured to accurately indicate the position of the 
substrate and/or substrate table with respect to lens PL; and 

[00042] A projection system ("lens") configured to project the patterned 
beam. In this example, projection system PL (e.g. a refractive lens group, a 
catadioptric or catoptric system, and/or a mirror system) is configured to image 
an irradiated portion of the mask MA onto a target portion C (e.g. comprising 
one or more dies and/or portion(s) thereof) of the substrate W. Alternatively, 
the projection system may project images of secondary sources for which the 
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elements of a programmable patterning structure may act as shutters. The 
projection system may also include a microlens array (MLA), e.g. to form the 
secondary sources and to project microspots onto the substrate. 

[00043] As here depicted, the apparatus is of a transmissive type (e.g. has a 
transmissive mask). However, in general, it may also be of a reflective type, 
for example (e.g. with a reflective mask). Alternatively, the apparatus may 
employ another kind of patterning structure, such as a programmable mirror 
array of a type as referred to above. 

[00044] The source LA (e.g. a mercury lamp, an excimer laser, an electron 
gun, a laser-produced plasma source or discharge plasma source, or an 
undulator provided around the path of an electron beam in a storage ring or 
synchrotron) produces a beam of radiation. This beam is fed into an 
illumination system (illuminator) IL, either directly or after having traversed a 
conditioning structure or field, such as a beam expander Ex, for example. The 
illuminator IL may comprise an adjusting structure or field AM for setting the 
outer and/or inner radial extent (commonly referred to as a-outer and o-inner, 
respectively) of the intensity distribution in the beam, which may affect the 
angular distribution of the radiation energy delivered by the projection beam 
at, for example, the substrate. In addition, the apparatus will generally 
comprise various other components, such as an integrator IN and a condenser 
CO. In this way, the beam PB impinging on the mask MA has a desired 
uniformity and intensity distribution in its cross-section. 

[00045] It should be noted with regard to Figure 1 that the source LA may be 
within the housing of the lithographic projection apparatus (as is often the case 
when the source LA is a mercury lamp, for example), but that it may also be 
remote from the lithographic projection apparatus, the radiation beam which it 
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produces being led into the apparatus (e.g. with the aid of suitable direction 
mirrors); this latter scenario is often the case when the source LA is an 
excimer laser. The current invention and claims encompass both of these 
scenarios. 

[00046] The beam PB subsequently intercepts the mask MA, which is held on 
a mask table MT. Having traversed (alternatively, having been selectively 
reflected by) the mask MA, the beam PB passes through the lens PL, which 
focuses the beam PB onto a target portion C of the substrate W. With the aid 
of the second positioning structure (and interferometric measuring structure 
IF), the substrate table WT can be moved accurately, e.g. so as to position 
different target portions C in the path of the beam PB. Similarly, the first 
positioning structure can be used to accurately position the mask MA with 
respect to the path of the beam PB, e.g. after mechanical retrieval of the mask 
MA from a mask library, or during a scan. In general, movement of the object 
tables MT, WT will be realized with the aid of a long-stroke module (coarse 
positioning) and a short-stroke module (fine positioning), which are not 
explicitly depicted in Figure 1 . However, in the case of a wafer stepper (as 
opposed to a step-and-scan apparatus) the mask table MT may just be 
connected to a short stroke actuator, or may be fixed. Mask MA and substrate 
W may be aligned using mask alignment marks Ml, M2 and substrate 
alignment marks PI, P2. 

[00047] The depicted apparatus can be used in several different modes: 

[00048] 1 . In step mode, the mask table MT is kept essentially stationary, and 
an entire mask image is projected at once (i.e. in a single "flash") onto a target 
portion C. The substrate table WT is then shifted in the x and/or y directions 
so that a different target portion C can be irradiated by the beam PB; 
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[00049] 2. In scan mode, essentially the same scenario applies, except that a 
given target portion C is not exposed in a single "flash". Instead, the mask 
table MT is movable in a given direction (the so-called "scan direction", e.g. 
the y direction) with a speed v, so that the projection beam PB is caused to 
scan over a mask image. Concurrently, the substrate table WT is 
simultaneously moved in the same or opposite direction at a speed V = Mv, in 
which M is the magnification of the lens PL (typically, M = Va or 1/5). In this 
manner, a relatively large target portion C can be exposed, without having to 
compromise on resolution. 

[00050] 3. In another mode, the mask table MT is kept essentially stationary 
holding a programmable patterning structure, and the substrate table WT is 
moved or scanned while a pattern imparted to the projection beam is projected 
onto a target portion C. In this mode, generally a pulsed radiation source is 
employed and the programmable patterning structure is updated as required 
after each movement of the substrate table WT or in between successive 
radiation pulses during a scan. This mode of operation can be readily applied 
to maskless lithography that utilizes programmable patterning structure, such 
as a programmable mirror array of a type as referred to above. 

[00051] Combinations and/or variations on the above-described modes of use 
or entirely different modes of use may also be employed. 

[00052] The term "optics" as used herein and in the claims appended hereto 
indicates one or more optics and/or optical elements, such being any object 
capable of processing light in any known manner, such as reflection, 
refraction, transmission, diffraction, deflection, detection, and/or interference. 
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[00053] Before a pattern is projected onto a substrate, it may be desirable to 
accurately position the substrate relative to a patterning structure, so that the 
pattern will be projected onto the substrate accurately at a required position. In 
modern semiconductor manufacturing, for example, it may be desirable or 
even necessary to realize such positioning with nanometer accuracy. 

[00054] European patent application EP-A-1 148390 describes such 
alignment, using a phase grating alignment system. Such a system uses a 
substrate that includes an alignment structure having periodically variable 
optical properties. The phase grating alignment system measures the phase of 
the period of the alignment structure relative to some reference position that is 
defined (directly or indirectly) relative to the patterning structure. From the 
phase, a measurement of the position of the substrate is obtained. 

[00055] The phase measurement may be realized by incorporating the 
alignment structure in an optical interference arrangement that outputs light 
with an intensity that depends on the phase. The interference arrangement may 
contain, for example, an imaging element that selects light diffracted by the 
alignment structure in a selected order of diffraction and images the selected 
light onto a reference structure in the lithographic apparatus. This reference 
structure may have spatially periodically variable optical properties, with a 
period that corresponds to the period of the image of the alignment structure. 
As a result, the light output through the reference structure forms a kind of 
Moire pattern. This pattern varies as the image of the alignment structure 
moves relative to the reference structure, dependent on the extent to which the 
image of the least reflective parts of the periods of the alignment structure 
coincide with the least transmissive parts of the periods of the reference 
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structure. As a result, the spatially averaged intensity of the output light varies 
periodically as a function of the position of the substrate. 

[00056] A similar periodic variation can also be realized without a reference 
structure. European patent application No. EP 1 148390 describes how 
interference may be used between light from the alignment structure that 
reaches a detector along two paths which correspond to images of the 
alignment structure that have been rotated 180 degrees with respect to one 
another. In this case, the centre of that rotation serves to provide a defined 
position relative to the lithographic apparatus, and the detected light intensity 
varies periodically as a function of the position of the substrate relative to the 
defined position. 

[00057] In such interference arrangements, the periodic variation of the 
averaged intensity can be measured without requiring a detector with high 
spatial resolution. The measurement of the intensity of the detected light 
makes it possible to assign phase values to different positions of the alignment 
structure. The phase values in turn may be used for accurate positioning of the 
substrate in the direction of periodical variation of the optical properties of the 
alignment structure. 

[00058] Using a phase grating alignment subsystem allows a high alignment 
accuracy to be realized. Selection of an individual order of diffraction 
considerably reduces noise, since only light which has the spatial frequency of 
the alignment structure is detected. Compared to alignment techniques that 
use electronic pattern recognition of images of semiconductor wafers, phase 
grating filtering techniques may realize accurate and low-noise alignment with 
detection and control circuits that are less critical for the alignment. 
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[00059] A phase grating alignment technique may have the problem that it 
only works when sufficiently large alignment structures and/or reference 
structures can be used such that the substrate can be initially positioned to 
image the alignment structure onto the reference structure. In other words, 
such a technique may require the capture range of the phase grating alignment 
to be sufficiently large. Large alignment structures and/or reference structures 
are expensive, e.g. because they occupy space on the substrate which could 
otherwise contain circuit components. Therefore, it is desirable to reduce the 
area of the alignment structures and/or the reference structures. However, it 
has been found that when an alignment structure is less than a given size, 
while the structure may still be suitable for accurate positioning purposes, it 
may not always work immediately because the image of the alignment 
structure has no overlap with the reference structure when the substrate is 
initially positioned (i.e. insufficient capture range). 

[00060] Also, the periodic alignment structure in combination with the 
interference arrangement will provide an output signal with a certain 
periodicity in it. E.g., when using a 8.0 jim phase grating as alignment 
structure and reference grating, the position can be accurately positioned, but 
only within 8.0 jam. When using a Nonius-principle measurement with an 
alignment structure having two different phase gratings of 8.0 and 8.8 |am, a 
periodicity of 88 jxm exists. With the existing (fine) alignment methods, 
therefore, there is a chance that an error is made of one or more periods of the 
periodic signal. Here, periodicity is defined as the dimension of a single 
period of a periodic signal. 

[00061] An alignment subsystem may be included in a lithographic apparatus 
for accurately measuring the position of substrate W to ensure that substrate W 
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is properly aligned during projection. Figure 2 schematically shows an 
example 21 of an alignment subsystem that contains an optical subsystem with 
a radiation source 20, an imaging structure 24, reference structures 26, 26a 
(forming an optical interference arrangement), detectors 28, 28a and a 
processing unit 29. Although processing unit 29 is shown as one element, it 
will be understood that processing unit 29 may be made up of a number of 
interconnected processors. Radiation source 20 (for example, a laser) is 
arranged to generate a spot of light that is directed to an area 22 on substrate 
W. Imaging structure 24 contains a lens arrangement 240, 242 to image area 
22 onto reference structure 26. In this example, reference structure 26 has 
spatially periodic transmissive properties. Detector 28 is arranged to detect a 
spatially averaged intensity of radiation transmitted by reference structure 26. 
Detector 28 has an output coupled to an input of processing unit 29, which in 
turn has a control output coupled to second positioning structure PW, which is 
coupled to substrate W. 

[00062] Interferometric measuring structure IF has an output coupled to 
processing unit 29. It will be understood that various changes may be made to 
the alignment subsystem 21 without affecting its function. For example, 
mirrors may be added that may enable moving elements of the alignment 
subsystem to more convenient locations. In one embodiment, the alignment 
subsystem 21 is immediately next to the projection lens, but it will be 
understood that the alignment subsystem 21 may be further removed from the 
projection lens. It is not necessary that the substrate is in the path of the 
projection beam during alignment. In fact, another substrate (e.g. on a separate 
substrate table) may even be in the path of the projection beam during 
alignment. 
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[00063] In operation, radiation from radiation source 20 is reflected from area 
22, and imaging structure 24 uses the reflected radiation to image area 22 onto 
reference structure 26. The imaged radiation is partially transmitted by 
reference structure 26 onto detector 28, which generates an electric or 
electronic signal that is indicative of the spatially averaged intensity of the 
transmitted radiation. 

[00064] Processing unit 29 uses this electric or electronic signal to generate 
control signals for positioning structure PW. This operation involves a 
number of stages (which may be executed by different elements (not shown) of 
processing unit 29). In a pre-positioning stage, processing unit 29 moves 
substrate W and/or the alignment subsystem 21 relative to one another so that 
an alignment structure is imaged onto reference structure 26. In an accurate 
positioning stage, processing unit 29 accurately measures the position of 
substrate W and the alignment subsystem 21 relative to one another (i.e. it 
determines for which output value of interferometric measuring structure IF 
substrate W and alignment subsystem 21 are in a specific alignment relative to 
one another). Subsequently, processing unit 29 uses this measurement to 
control one or more positions with a predetermined offset to a position at 
which substrate W and the alignment subsystem 21 are in alignment, to which 
substrate is moved for illumination with projection beam PB. 

[00065] For accurate alignment, substrate W contains an alignment structure 
10 (see figures 3, 5, 7, 9 and 10, to be discussed below) with spatially periodic 
reflection properties in area 22. During accurate alignment, this alignment 
structure 10 is imaged onto reference structure 26. The spatially averaged 
amount of light transmitted by reference structure 26 depends periodically on 
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the relative phase of the image of the alignment structure 10 and reference 
structure 26. 

[00066] Preferably, imaging structure 24 passes only selected pairs of orders 
of diffraction onto reference structure 26. As shown, imaging structure 24 has 
been designed to filter out selected orders of diffraction from area 22. For this 
purpose, imaging element contains lenses 240, 242 with a diffraction order 
filter 244 in between. A first lens 240 maps light diffracted in respective 
directions to respective positions on diffraction order filter 244, which 
transmits only light from selected positions. A second lens forms an image of 
area 22 from the transmitted light. Thus only selected pairs of orders of 
diffraction are used for imaging onto reference structure 26. Without such 
selective transmission, position measurement is in principle also possible, but 
it may have a worse signal-to-noise ratio. 

[00067] It may be desired to treat separately a number of pairs of diffraction 
orders of the light from area 22. For this purpose, wedges 245 may be 
provided to ensure that different pairs of orders are imaged onto different 
reference structures 26, 26a, each provided with its own detector 28, 28a. 
Although only two reference structures 26, 26a and corresponding detectors 
28, 28a have been shown (for pairs of diffraction orders +/-1 and +/-2, 
respectively), it should be understood that in practice a larger number of 
diffraction orders, for example seven pairs of diffraction orders +/— n (n = 1 , 2, 
3, 4, 5, 6, 7, ...) may be treated separately, each with its own reference 
structure and detector. 

[00068] In an actual embodiment of the above described alignment subsystem 
2 1 , the imaging structure 24 may be arranged to filter out the 0-th order, 
effectively halving the period (or doubling the frequency) of the alignment 
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structure 10. A 16 jam period of the alignment structure 10 on the wafer W 
then effectively becomes a 8 jam period on the reference grating 26. 

[00069] Although single elements 240, 242 have been shown for the sake of 
simplicity, it should be understood that in practice the imaging structure 24 
may comprise a combination of lenses and/or imaging mirrors. 

[00070] Furthermore, although a configuration has been shown wherein 
radiation is first reflected from substrate W and then transmitted through 
reference structure 26 before detection, it should be appreciated that other 
configurations may be used. For example, radiation reflected off reference 
structure 26 may be detected, and/or radiation transmitted through substrate W 
may be used if substrate W permits this. Similarly, radiation may be fed to 
reference structure 26 first (for reflection or transmission) before being fed to 
substrate W prior to detection. Also, of course, the invention is not limited to 
a perpendicular incidence as shown in figure 2. 

[00071] To allow accurate measurement of a wafer position (also called Fine 
Wafer Alignment or FIWA), the alignment structure or mark 10 in the area 22 
on the wafer W, in accordance with the prior art, may comprise two different 
gratings for both the X- and Y-direction (see figure 3). By using two different 
grating periods for each of the marks 10 (e.g. 8.0 and 8.8 |am) and for the 
corresponding reference structures 26, a much more accurate positioning and a 
larger capture range may be accomplished (using the so-called Nonius 
principle). The capture range is the range in which an alignment can be 
executed without ambiguities. Because of the periodicity of the gratings, 
however, there is still an inherent ambiguity in the fine positioning. In the case 
of the combination of the 8.0 and 8.8 \im gratings, a periodic ambiguity of +/- 
44 [im exists, which can lead to one or more 88 jim errors when the initial 
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position of the mark is outside the +/- 44 jam range. This effect means that the 
actual position of the alignment mark 10 may be at a distance of n x 88 jam 
from the detected position. 

[00072] Coarse Wafer Alignment (COWA) followed by a FIWA may be 
performed in certain embodiments. In some cases, the COWA and FIWA may 
be executed simultaneously. The FIWA may be performed using separate 
marks 10, such as the known 8.0 (am phase grating, or the known combination 
of a 8.0 |im and 8.8 ^m phase grating using e.g. the above described technique 
using the Nonius principle. Alternatively, the FIWA may be performed using 
the mark 10 according to an embodiment of the present invention (when these 
include at least a section with the normal period phase grating). Also, the 
present method and use of a phase grating as a mark 10 may be applied to 
check whether the right initial position has been found to perform a FIWA 
using a single (e.g. 8.0 jim) grating mark (i.e. a confidence check). 

[00073] The coarse wafer alignment may be effected using a number of 
different types of phase gratings for the mark 10. The underlying principle of 
these types is that a non-periodic feature of the phase grating is used to avoid 
ambiguities that exist when only using the fine wafer alignment method. 
Thereby, the capture range and/or the robustness of a periodic alignment 
system (e.g. using 8.0 gratings or a combination of 8.0 \xm and 8.8 ^im 
gratings) are enlarged beyond the periodicity of that periodic alignment system 
(8.0 jam and 88 jam, respectively). 

[00074] The non-periodic feature may be included in the phase grating mark 
10 on the wafer in a number of manners. A number of marks according to 
embodiments of the present invention will be discussed below, together with 
possible specific processing that may be desirable for such embodiments. In 
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general, two classes of marks 10 are disclosed, i.e. a first class in which the 
phase of a detected signal is used to determine the mark position (or better: 
non-periodic feature position), and a second class in which the amplitude of a 
detected signal is used to determine the mark position. 

[00075] As a first type of mark 10, a so-called Phase Jump Mark is shown in 
figure 3. In broken lines, the reference grating 26 (e.g. with a periodicity of 
8.0 jam) is shown, which is moved relative to the phase jump mark 10 shown 
in non-broken lines. Such a phase grating mark 10 comprises lines and spaces 
as conventional alignment marks (e.g. spaced at 8.0 ^m), but the periodicity of 
the grating is broken at one or more positions 15 of the mark, resulting in a 
phase jump of the mark at this position(s). The phase jump mark 10 may also 
be described as comprising two parts 11,12 with a phase grating having the 
same periodicity of lines and spaces, and a feature region 1 5 between the two 
parts 11,12 where the space is not filled with a phase grating having the same 
periodicity of lines and spaces as the two parts 11,12. In a 8.0 |um phase 
grating, e.g., one of the spaces 15 may be reduced to 4 jam, 4/7 |am, or 200 nm 
or enlarged to 12 jam (the 12 ^m embodiment as shown in figure 3). With the 
4 |xm and 12 \xm spaces, and the reference grating overlapping the two parts 
11, 12, the phase difference between the reference grating and part 1 1 would 
differ by n from the phase difference between the reference grating and part 
12. 

[00076] Because of the non-periodic feature 15 in the periodic grating as 
shown, a phase change will occur when the reference grating 26 is moved with 
respect to the phase grating 10 on the wafer W using the alignment subsystem 
21 discussed above. This phase change is present in each of the detected 
orders n of the reflected light beam. The signal received on one or more of the 
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detectors 28, 28a may be processed to derive the phase of the received signal, 
e.g. by applying a best fit on the measured and processed signal phases in a 
predetermined position window. At the point in the scanning direction (e.g. 
the x-direction) where the alignment signal phase changes at maximum speed, 
the captured alignment mark position 1 5 is present. 

[00077] Tests have been performed using a number of different phase 
changes (4 |im, 4/7 jam, 12 jam and 200 nm), and the captured alignment mark 
15 has been detected using different orders of the diffraction grating. It has 
been found that the 4 jam phase jump mark provides the best results with the 
lowest order measurements (best reproducibility of results). 

[00078] However, it has also been found that in using the phase jump marks 
10 with a rather large spacing (4 ^im), the detected signal at the actual 
alignment position is actually the weakest signal over a larger position 
window. This effect, of course, may result in unreliable results. It has been 
found that the weak signal is the result of the left and right part of the phase 
jump mark 10 with a 4 \im spacing being out of phase. When the spacing is 
made much smaller (in the order of 100 nm, e.g. 200 nm) this signal 
weakening effect may be much less prominent or even absent, and still the 
spacing 15 may be large enough to be detected using the phase detection 
method. In figure 4, such an effect is illustrated: figure 4a shows the 
alignment signal S as a function of the displacement x from the alignment 
subsystem 21 for the phase jump mark having a 4 jxm spacing, and figure 4b 
shows the alignment signal S as a function of the displacement x from the 
alignment subsystem 21 for the phase jump mark having a 200 nm spacing. It 
can be seen that the alignment signal S for the 200 nm spacing phase jump 
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mark 10 has a larger signal strength at the aligned position than the alignment 
signal S for the 4 |nm spacing phase jump mark 10. 

[00079] The non-periodic feature of the mark 10 can also be embodied as a 
linear phase profile mark (LPPM). One such embodiment is shown in figure 
5. In this embodiment, two parts 11, 12 of the phase grating 10 both have a 
period (slightly) different from the reference grating 26. When moving the 
reference grating 26 with respect to the LPPM 10, two linearly varying phase 
profile signals can be detected. 

[00080] For one of the LPPM parts 11,12 (taking the reference grating period 
of 8.0 jam), the alignment signal then looks like 



[00081] It can be seen that the aligned position varies (A/8) micron per 
micron shift of the expected position. To have a non-periodic feature that may 
allow detection of a unique position, the gratings 11, 12 of the LPPM 10 are 
constructed such that the detected alignment phase signal A xap shows two 
slopes with opposite slope sign (See figure 5 bottom part). The unique 
alignment position can than be derived from the intersection of the two slopes. 

[00082] In this embodiment, it should be kept in mind that the different 
periods of the LPPM 1 0 may lead to different diffraction angles, which must 
still be transmitted by the diffraction order filter 244 (see figure 2). The order 
positions are related to the mark period by 
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where f is the focal distance and do is the mark period. A change in the period 
of 8 nm will lead to a change in phase slope of 1 nm/fxm, which can be 
accurately measured. A relative period change of l%o will lead to a shift of the 
diffraction order of ~ 3 pm. 

[00083] The two slopes may be measured using a single reference grating 26 
and a single illumination spot or, as depicted in figure 5, using two reference 
gratings 26 and two illumination spots which both move in the direction 
indicated by the arrow to allow simultaneous determination of the two sloped 
signals. 

[00084] In an even further embodiment of the first class of phase gratings 1 0, 
the variation of the grating period has a sinusoidal profile (Sinusoidal Phase 
Profile Mark or SPPM). The two slopes in the resulting measured signal are 
then replaced by a sinusoidal shape, of which the top can easily be detected. 
When the period of the sinusoidal phase profile is much larger than the period 
of the reference grating (e.g. > 8 pm, preferably even > 88 jam), a sinus fitting 
of the detected phase signal profile would provide the capture position 1 5 of 
the alignment mark 10. Such a sinusoidal phase profile can be obtained from a 
position-dependent period change: 



where again we have the boundary condition that A(x)«8. In this equation, 
A(x) is the position-dependent period change, x is the distance along the 
(longitudinal) x-direction, and L is the alignment mark 10 length. An example 



A(x) = 





X 
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of the sinusoidal phase profile (solid line), and the associated required position 
dependent period change A(x) (broken line) for the SPPM 10 is shown in 
figure 6. 

[00085] The second class of marks 1 0 uses the intensity of the detected 
alignment signal to provide the capture position of the non-periodic feature 1 5 
of the mark 10. 

[00086] In a first embodiment of the second class of marks 10, use is made of 
the finite properties of regularly used marks, such as a versatile scribeline 
primary mark (VSPM), a regular 8.0 fim phase grating mark or a combination 
of a 8.0 jam and 8.8 (am phase mark. In an exemplary embodiment, the marks 
present are scanned under an angle a to the longitudinal direction of the mark 
10. The angle a may vary between 0° and 90°, in which a=0° and a=90° are 
special cases. In figure 7, an exemplary arrangement of the scanning with the 
illumination spot and an existing phase grating mark 10 comprising two 
separate phase gratings 31, 32 is shown. In this case, both phase gratings 31, 
32 present (e.g. an 8.0 jam and a 8.8 |am phase grating) are scanned by an 
illumination spot 30 with the same (but opposite signed) scanning angle a. In 
figure 7, also a coordinate axis is shown, indicating that the phase gratings 31 
and 32 have their longest dimension in the x-direction and a smaller dimension 
in the y-axis. 

[00087] The intensity signal detected by the alignment subsystem 21 for a 
single scan (e.g. left part in figure 7, detecting the 8.0 jam grating 31) is shown 
in the plot of figure 8 as a function of the y-position. In figure 8, also the 
envelope of the detected signal is shown by the broken line, which allows a 
determination of the capture position. The detected capture position in this 
case, however, is the capture position in the direction (y-direction) 
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perpendicular to the longitudinal direction (x-direction) of the phase grating 
3 1 . When both phase gratings 3 1 , 32 are used as shown in figure 7, a more 
robust result of the capture position may result. 

[00088] The diagonal scan method as discussed with reference to the 
embodiment shown in figure 7, may also be executed using only a single 
grating 3 1 . 

[000 ] The envelope of the intensity signal obtained from a phase grating 
31, 32 extending in the x-direction provides the capture position of the phase 
mark 1 0 in the y-direction. In a similar manner, the capture position of a phase 
mark 1 0 extending in the y-direction will provide a capture position in the x- 
direction. When phase marks 1 0 are present on the wafer in both the x- and y- 
direction in a known configuration (i.e. with known mutual offsets 35, 36, see 
the example shown in figure 9 with two phase gratings 31, 32 extending in the 
x-direction and two phase gratings 33, 34 extending in the y-direction), the 
found capture positions in the x- and y-direction can be used as expected 
positions in a normal coarse alignment procedure (e.g. using a combination of 
8.0 j^m and 8.8 \xm phase gratings as described above). Sometimes, it may 
still be desirable to perform a coarse alignment. For example, the accuracy of 
the diagonal scan procedure (the envelope signal), e.g. 30 jam dependent on the 
width of the phase grating marks 1 0 used, may be sufficient to determine the 
correct top in a 88 (am periodic signal (as delivered by the 8.0/8.8 jam phase 
grating combination discussed above), but not sufficiently accurate to 
determine the correct top in a 8.0 jam periodic signal. 

[00090] Such a diagonal scan method may prevent making a periodic error, as 
during a scan of a phase grating 3 1 . . .34, when there will only be one distinct 
envelope shape present in the detected signal. When no signal (or a signal 
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below a predetermined threshold) is received at all using the alignment 
subsystem 21, this result indicates that the phase grating mark 10 has been 
missed. Then, the search window of the alignment subsystem 21 should be 
extended or shifted (e.g. with a positional shift equal to the (known) length of 
the phase grating 31... 34). The diagonal scan method may be particularly 
suited to check whether the detected position of the wafer alignment, using a 
detection method having possible periodic errors, is correct (confidence 
check). 

[00091] For ct=0°, the non-periodic feature 15 of the mark 10 is the start and 
end of the phase grating 3 1 .. .34 in the longitudinal direction of the phase 
grating 31 . . .34. The capture position (either the first edge or the second edge 
of the phase grating 3 1 .. .34, or a combination thereof) may be derived from 
the envelope of the detected alignment signal, the length of which should 
generally correspond to the length of the phase grating 3 1 . . .34. 

[00092] For a=90°, the non-periodic feature of the phase grating is the start 
and end of the phase grating 31 ...34 in the cross direction (i.e. perpendicular 
to the longitudinal direction). In this case, a capture position in one direction 
(e.g. y-direction) may be determined using the x-direction phase grating 31, 
32. In this case, when the reference grating 26 and the phase grating mark 10 
happen to be aligned so that they are exactly out of phase, it is possible that no 
signal is detected at all using the alignment subsystem 21. This effect can also 
happen when the angle is very near to 90° and the lines are less wide than the 
spaces. However, a new scan with a very small change in the longitudinal 
direction of the phase grating mark 10 will then provide sufficient signal to 
determine the capture position in the y-direction. This special case of the 
diagonal scan may have a further disadvantage compared to the diagonal scan 
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with an angle 0°<a<90°. For the case of a=90°, the alignment subsystem may 
only detect the envelope signal and may not detect an alignment signal in 
which also the periodic features of the phase grating 3 1 .. .34 are present 
(which would allow the signal also to be used for further (fine) wafer 
alignment). 

[00093] The diagonal scan method of the alignment subsystem may provide a 
number of further advantages, which may be predominantly present for the 
cases in which 0°<a<90°. The scan doesn't necessarily use more time than 
conventional scans, as the signal acquisition for capturing and aligning can be 
performed simultaneously. Also, it is possible that no further hardware needs 
to be added to the alignment subsystem 21, as the illuminating beam (spot 30) 
and associated drive means, and the detectors 28 and associated processing 
elements 29 may already be present. As the diagonal scan may use the same 
marks 1 0 on the wafer W as used for the fine wafer alignment, no further 
space may be needed in the scribelanes on the wafer W. The robustness of the 
diagonal scan method may be the same as for the existing fine wafer 
alignment: when a phase grating mark 1 0 can be detected using the normal (x- 
direction) scanning of a phase grating mark 10, the phase grating mark 10 may 
also be detected using the diagonal scanning method. In present systems, the 
choice of the size of the illuminating beam is a trade off: for optimal 
performance it may be desirable for the beam to be very small to prevent cross 
talk with other features on the wafer W. However, a very small illuminating 
beam may enlarge the chance of missing the phase grating mark 10 at all. 
Using the diagonal scan, however, the chance of actually hitting the phase 
grating mark 1 0 (which is much longer than wide) may be greatly enhanced, 
allowing to actually use a small illuminating beam. 
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[00094] In a further embodiment of the present phase grating mark of the 
second class (intensity detection), the mark comprises a first part with a 
periodicity of, in general, X |im (e.g. X= 8.0 (am), and an adjacent second part 
with a periodicity of X/n, n being an integer number (e.g. n =7). This 
embodiment is shown schematically in figure 10 in which the mark 10 
comprises a first part 1 1 with a periodicity of 8 |am and a second part 12 with a 
periodicity of 8/7 jam. When detecting the n-th order diffraction of this mark 
10, signals with the same periodicity may be detected over the entire mark 10, 
but there may be a noticeable change in intensity at the changeover 1 5 from X 
to X/n periodicity. This effect may allow the detection of the capture position 
15 of the mark 10. For a robust and effective error free detection of the 
capture position 15, it may be desirable for the change in signal from the 
alignment subsystem 21 to be as clear as possible, but still, it may be desirable 
for a signal to be detected from both parts 11, 12 of the mark 10. In practice, 
this effect implies that e.g. a combination of a 8 jam and 8/7 (am (or 8/5 |am) 
phase grating will provide a workable mark 10 for coarse wafer alignment. 

[00095] In an alternative version, not the periodicity is changed over the mark 
10, but the duty cycle of the spaces and lines is changed at one or more 
positions in the phase grating 10. Duty cycle is the ratio of the width of a line 
and a space in the alignment structure. Under normal circumstances, phase 
gratings 1 0 are provided with lines and spaces of equal dimension (duty cycle 
50%). When the duty cycle of the lines and spaces is changed, this result may 
be noticeable in the amplitude of the signal from the alignment subsystem 21 
and may indicate the capture position 15 of this embodiment of the mark 10. 

[00096] Figure 1 1 shows a flow chart of part of the operation of processing 
unit 29. The flow-chart contains a prepositioning stage 301, an alignment 
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measurement stage 302 and a positioning-during-projection stage 303. The 
prepositioning stage contains a number of steps. The steps of the flow chart 
are implemented, for example, by providing a suitable program of instructions 
in an instruction memory (not shown) of processing unit 29 for execution by a 
conventional computer (not shown) in processing unit 29. 

[00097] Prepositioning stage 301 contains first, second and third tasks 304, 
305, 316. In first task 304 of the prepositioning stage, processing unit 29 
causes measurement of signals from detector 28 (and optionally from detector 
28a and further detectors) at a series of positions of substrate W. For this 
purpose, first task 304 may include a first subtask 31 1 of moving the substrate 
or wafer W to a series of positions relative to the measuring subsystem and a 
second subtask 312 in which an intensity signal from detector 28 is measured 
at these positions. The range of these positions is substantially larger than the 
size of reference structure 26 (and the illumination beam 30). A third subtask 
313 ensures that the first and second subtasks are repeated for different 
positions. 

[00098] Figure 12 shows a top view of part of a substrate W with an 
alignment structure 40. A scanning path 42 has been indicated. Path 42 is not 
part of substrate W, but indicates successive locations 44 of substrate W at 
which radiation source 20 provides spots of light on substrate W which are 
imaged onto reference structure 26, during subtask 311. In an embodiment, 
the apparatus is arranged to scan along a meandering path of lines. This 
arrangement may provide for a two-dimensional search area with minimal 
movement. Window 46 indicates the size of an area of points on substrate W 
that are imaged onto reference structure 26 at a single time. As can be seen, 
the image of alignment structure 40 may overlap with reference structure 26 
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only for a limited number of positions along scanning path 42 as indicated by 
the line (path 42) crossing the alignment structure 40. 

[00099] In a second task 305 of prepositioning stage 301, processing unit 29 
computes amplitude information for a number of positions along scanning path 
42. For this purposes second task 305 may contain a first subtask 3 14 in 
which the intensity amplitude information is computed. A second subtask 315 
ensures that the first subtask is repeated for a number of positions. Although 
first task 304 and second task 305 have been shown separately for the. sake of 
clarity, it should be appreciated that both steps may be integrated, the 
amplitude information being computed as the measurements come in. Such an 
arrangement may reduce the need for memory for storing measurements that 
are still needed for amplitude computations. 

[000100] Figure 13 shows an output signal of detector 28 as a function of 
position (in micrometers) along a horizontal part of scanning path 42 along 
substrate W as a continuous curve (although, in practice, measurements of the 
output may be performed only at certain sampling positions). At positions 
(around 500 micrometer) where the image of alignment structure 40 overlaps 
reference structure 26, the output signal varies periodically as a function of 
position. At other positions, a more or less random variation of smaller 
amplitude occurs, e.g. due to structures present in substrate W that are not 
alignment structures (such as circuit structures, in the case of a semi- 
conducting manufacturing process). When only selected pairs of orders of 
diffraction are used, the more or less random variations may involve amplitude 
and phase variations of a sine wave with a period corresponding to the selected 
orders of diffraction. 
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[000101] In the first subtask 314 of the second task 305, processing unit 29 
computes amplitude information of the variations of the output signal for a 
number of positions (with coordinates x 5 y on substrate W as measured by 
interferometric measuring structure IF) along scanning path 42. The 
computation of the amplitude information involves determining a measure of 
the amplitude of the variations of the output signal. For substrates W that do 
not produce much output signal in the absence of the alignment structure, it 
may suffice to detect the amplitude, for example by taking the difference 
between minima and maxima (at different positions), or by measuring the 
maximum deviation from the average output signal value. For other substrates 
W, a certain amount of spatial filtering may be preferred to suppress the 
amplitudes of output signal variations that do not have the spatial frequency 
expected for the alignment structure. This effect may be realized, for example, 
by band pass filtering the output signal prior to amplitude measurement, or by 
correlation techniques that are selectively sensitive for the expected output 
signal from alignment structure 40. 

[000102] As one example of the computation in first subtask 313 of second 
task 305, processing unit 29 computes the amplitude information according to 
A2(x,y) = (Sum cos(k(x-x')) s(x',y')) 2 + (Sum sin(k(x-x')) s(x',y')) 2 . 

[000103] The sum is over locations with coordinates x 1 , y*, including at least a 
series of locations with different x' coordinate values spaced less than the 
width of an alignment structure from one another. In the example, A2(x,y) is 
the amplitude information A2 for a location with coordinates x,y as 
determined from the output s(x',y) of detector 28, with the substrate positioned 
at a locations with coordinates x',y\ The parameter k is equal to 27i/p, where p 
is the period of the image of the alignment structure 40 onto reference 
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structure 26, 26a. The range of coordinates x',y' extends over a window that 
extends around the position with the coordinates x,y for which the amplitude 
information is computed. The size of the window can be selected freely. A 
larger range may ensure larger frequency selectivity, making false detection of 
alignment structures less likely, but may reduce position accuracy and vice 
versa. Preferably, the range of x^y' values that contributes to the sums is taken 
to have approximately the same size as alignment structure 40. 

[000104] In a fourth task 316 of prepositioning stage 301, processing unit 29 
uses the computed amplitude information to select a position (xO, yO) where 
the computed amplitude information is maximal as a function of a and y. 

[000105] Although a formula for A2 has been given, by way of example it 
should be appreciated that without deviating from the invention other types of 
formula may be used. For example, a formula for the derivative of A2 with 
respect to x may be computed to locate the maximum, or a product with a 
weighting functions W(x-x\ x-y') included in the sums, possibly with W 
decreasing as x' and/or y 1 move away from x,y. 

[000106] In principle, measurements from a detector 28 for a single pair of 
diffraction orders may suffice to find the maximum. Optionally, similar 
determinations of amplitudes for different pairs of diffraction orders may be 
used, either to compute a combined amplitude function or to confirm whether 
a maximum occurs for all pairs of orders of diffraction prior to using the 
location of the maximum. 

[000107] Alignment measuring stage 302 is comparable to prepositioning stage 
301, except that instead of an amplitude a phase is determined. Moreover, in 
alignment measuring stage 302, it may be desirable to make measurements 
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only at positions where the alignment structure is at a position from which it 
images onto reference structure 26. 

[000108] In alignment measuring stage 302, processing unit 29 executes a first 
subtask 321 similar to first and second subtasks 31 1, 312 of prepositioning 
stage 301, involving moving to a number of locations and measuring output 
signals of detector 28 for different positions of substrate W. A second subtask 
322 ensures repetition at a number of different locations relative to the 
alignment subsystem: These different locations have coordinates (x", yO) that 
are selected dependent on the position (xO, yO) produced in fourth task 316, 
with coordinates (x", yO) wherein x" is varied over a range around xO. In a 
third subtask 323, processing unit 29 computes a phase value (p from these 
measurements, for example using a formula such as 

[000109] tg(f) = a/b 

[000110] where 

[000111] a = Sum sin(k(x M -x0)) s(x",y") 
[000112] b = Sum cos(k(x M -x0)) s(x",y") 

[000113] The sum is over a range of locations with different x". It may be 
desirable for the different x" values to extend over a range that is equal to the 
size of alignment structure 40, and/or it may be desirable for the different x" 
values to be spaced by less than a period of reference structure 26. It is possibl 
that choice of the y" values do not appreciably affect the computation, as long 
as they are within the size of the alignment structure, and it may be desirable to 
use a range of y" values in the sum. The computed phase value is proportional 
to the displacement between xO and a reference position xr on substrate W 
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divided by the period p with which alignment structure W is imaged onto 
reference structure 26: 

[000114] f=27t(x0-xr)/p 

[000115] Thus the phase value provides accurate position information of 
alignment structure 40 relative to the alignment sub-system. In positioning- 
during-projection stage 303 of the flow-chart, processing unit 29 uses this 
information to position substrate W at a series of required positions relative to 
the patterning structure. 

[000116] It may be desirable for the determination of the phase to be 
performed for a number of pairs of orders of diffraction and/or for a 
combination of the computed phases to be used to determine the position of 
the alignment structure. 

[000117] It will be appreciated that different kinds of determinations of xr may 
be used. For example, a weight function W(x"-x0,y M -y0) may be used in the 
sums, or a recursive process may be used to adjust xO until "b" becomes zero, 
in which xr may coincide with the adjusted xO. 

[000118] It should be noted that the formulas for the phase cp and the amplitude 
A2 may use the same type of elements: summing cosine functions and sine 
functions. Nevertheless, the formulas may lead to two different types of 
information. The phase value (p may vary linearly substantially in the same 
way as a function of position xO, no matter how wide the range of positions 
(x",y M ) over which the sums are taken. The amplitude information A2, in 
contrast, may increase in strength as this range increased, be it with an 
accompanying decrease in position dependence. This effect may make the 
amplitude information suitable for searching among areas that do not contain 
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the alignment structure and/or the phase information suitable for accurate 
positioning once it is known where the alignment structure 40 is located. The 
use of similar elements may also make it possible to use much of processing 
unit 29 for both computations. 

[000119] The determination of reference position xr from phase value q> may 
be ambiguous, in the sense that any value of xr that differs by a integer 
multiple of the period p could be determined. Under some circumstances, the 
prepositioning accuracy may be sufficient to identify a single xr value as the 
correct value, but generally this is not the case. Therefore, it may be desirable 
to provide one or more additional spatially periodic alignment structures on 
substrate W at predetermined relative positions with respect to alignment 
structure 40. The period or periods of this additional alignments structure or 
structures may differ from the period of alignment structure 40. Similarly, it 
may be desirable to provide the alignment sub-system with additional 
reference structures, detectors etc. to determine the phase of the intensity 
variations due to displacement of the substrate relative to the alignment sub- 
system. Phase values determined in this way make it possible to increase the 
distance between ambiguous xr values up to a point that the prepositioning 
accuracy suffices to select the correct xr value. Alternatively, the additional 
alignment structures may be measured using the same reference structure. 
Such an arrangement may allow prediction of the differences in aligned 
positions coming from the different alignment structures based on a model and 
a priori information on the shape and relative positions of the additional 
alignment structures and the first alignment structure. 

[000120] In principle, the phase <p may only provide information about the 
position of the alignment structure in a direction along which the optical 
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properties of alignment structure 40 vary periodically. Therefore, it may be 
desirable to provide one or more further alignment structures, reference 
structures etc. with periodical spatial variation in a direction transverse to the 
period of alignment structure 40 (e.g. perpendicular). It may be desirable to 
provide these one or more further alignment structures at predetermined 
positions relative to alignment structure 40. During alignment stage 302, these 
one or more further alignment structures may be used to obtain additional 
phase values for accurately positioning substrate W in the direction transverse 
to the direction perpendicular to the period of alignment structure 40. 

[000121] It may be desirable for processing unit 29 to use the position (x0,y0) 
selected in third task 316 to control the positions of substrate W where the 
phase value of the additional alignment structure or structures and the one or 
more further alignment structures is determined, using amplitude information 
obtained by using at least one of the alignment structure, the additional 
alignment structures and the further alignment structures. Using a single one 
of the alignment structures for pre-positioning may simplify processing and is 
usually sufficiently accurate, both in a direction perpendicular to the period of 
that alignment structure and in directions transverse thereto. But e.g. when 
increased pre-positioning accuracy is required, a combined amplitude value for 
different alignment structures may be used, for example by summing 
amplitude information obtained for different alignment structures, taking 
account of the predetermined offset of these structures on substrate W. 

[000122] Figure 14 depicts a further top view of part of a substrate W. By way 
of example, substrate W may be a semi-conductor substrate on which areas for 
different integrated circuit chips are reserved. Between the areas for the 
integrated circuit chips, scribe-lanes 78 are provided which may be sacrificed 
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when substrate W is mechanically split into different integrated circuit chips. 
Periodic alignment structures 70, 72 are present in the scribe-lanes 78. For the 
sake of clarity, only two periodic alignment structures 70, 72 are shown, but it 
should be understood that more may generally be present. As shown in this 
figure, the optical properties of the alignment structures 70, 72 may vary 
periodically along the direction in which scribe-lanes 78 run, i.e. in the 
horizontal direction for horizontal scribe lanes between rows of integrated 
circuit chips and in the vertical direction for vertical scribe lanes between 
columns of integrated circuit chips. 

[000123] In this embodiment, the extent of a periodic alignment structure 70, 
72 transverse to the direction of the scribe lane in which it is incorporated may 
be relatively narrow compared with its extent along that direction. Scanning 
paths 74, 76 run transverse to the direction in which the optical properties of 
periodic alignment structures 70, 72 vary periodically. 

[000124] In a method according to an embodiment of the invention, the 
amplitude of the periodic variation of the intensity of the measured light for a 
particular alignment structure is determined as a function of position along the 
scanning path 74, 76 transverse to the direction in which the optical properties 
of periodic alignment structures 70, 72 vary periodically (non-scan direction). 
To determine the amplitude of the variation, it may be desirable for the 
intensity of the measurement light for each position along the scanning path 
74, 76 to be measured at a number of different positions in the direction in 
which the optical properties of periodic alignment structures 70, 72 vary 
periodically (scan direction). The position transverse to the direction of the 
scanning path may be determined where the amplitude shows best overlap of 
mark and reference structure. Typically, this is a position where a maximum 
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amplitude occurs, but in case of a trapezoid shape of the maximum it may be 
possible for any position in a region with level maximum amplitude as a 
function of position to be used. This method may be done for periodic 
alignment structures 70, 72 in two mutually transverse scribe lanes. 

[000125] The results may be used to control respective components of the 
position where the phase will be measured to realize accurate alignment. That 
is, the position of the maximum along the scanning path 74 transverse to the 
alignment structure 70 with optical properties that vary periodically in the 
horizontal direction may be used to determine the vertical position component 
of alignment structure 72 for accurate alignment, and the position of the 
maximum along the scanning path 76 transverse to the alignment structure 72 
with optical properties that vary periodically in the vertical direction may be 
used to determine the horizontal position component of alignment structure 72 
for accurate alignment. 

[000126] When the maxima are determined in scanning directions in which the 
alignment structures 70, 72 are relatively narrow, an accurate position can thus 
be determined. More generally, when the image of the alignment structure is 
narrow, an accurate position may be realized in this way (a narrow image may 
be a result of a narrow alignment structure, but also of imaging, for example of 
a form of filtering of orders of diffraction that passes a wider bandwidth 
transverse to the direction of periodic variation). Moreover, when the 
alignment structures generally extend over a relatively large extent transverse 
to the scanning path, pre-positioning is usually sufficiently accurate so that the 
apparatus may need to try only one transverse scanning line for one alignment 
structure. 
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[000127] Only for small alignment structures, several parallel scanning paths 
may need to be used, such that the scanning path where the highest maximum 
occurs may be identified and used to determine the position. 

[000128] To determine the amplitude for a position along a scanning path 74, 
76, it may be desirable for a plurality of measurement intensities for each 
position along the scanning path 70, 72 to be measured at a number of 
different positions in the direction in which the optical properties of periodic 
alignment structures 70, 72 vary periodically. For example, a meandering 
scanning path may be used which extends far less in the direction of periodic 
variation than in the transverse direction, or a series of short scans along the 
direction of periodic variation at a number of positions in the transverse 
directions. 

[000129] However, alternatively only a single intensity measurement may be 
used for each position along the scanning path 74, 76, which in this case runs 
perpendicular or under a non-zero angle to the direction of periodic variation. 
Thus, a intensity measurement for the same phase may be obtained at each 
position along the scanning path 74, 76. As a result, the relative maximum 
among these measurements may still be characteristic for maximum 
amplitude. However, this approach may have a risk that an inconvenient 
phase is used. Therefore, it may be desirable to determine the maximum for at 
least two parallel scanning paths that are a quarter of a period (plus any 
number of full periods) apart, although it may also be possible to use any other 
distance unequal to an integer number of half periods. 

[000130] As described, alignment may be performed in a number of distinct 
stages and steps. It will be understood that a decomposition into stages and 
tasks may merely serve to facilitate explanation of the alignment process. In 
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practice, the various stages and steps need not be distinct. For example, the 
phase may be determined from stored intensity measurements that have been 
obtained before, after, or concurrently with (or are indeed part of) the 
measurements that are obtained at a series of relative positions of the substrate 
and the alignment measuring system for determining the position of maximum 
amplitude. In such case, the determination of the location of maximum 
amplitude may merely serve to select which of the stored intensity 
measurements should be used. Alternatively, separate intensity measurements 
performed at locations selected under control of the location of maximum 
amplitude may be used for determining the phase. This approach may require 
less storage space for measurements, but it may increase the time needed for 
alignment, since substrate W may have to be moved to the selected locations. 

[000131] Furthermore, although it may be desirable to use a suitably 
programmed computer or set of computers for the determination of phase and 
amplitude, as well as the search for the relative position of substrate and 
alignment measuring system that leads to maximum amplitude, it will be 
understood that dedicated (not programmable, or only partly programmable) 
elements may be used to perform any one or a combination of these 
operations. For example, a digital signal processing circuit may be used to 
perform the filter operations that filter out intensity variations of the expected 
frequency and to compute the phase and amplitude. As another example, 
specialized hardware amplitude detection circuitry may be used, e.g. circuitry 
such as used for AM radio demodulation may be coupled to detector 28. 

[000132] Figure 15 shows an alternative alignment system. Herein reference 
structure 26 has been omitted. Instead a rotating element 60 has been added, 
which combines light diffracted in orders of diffraction with mutually opposite 
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sign +n, -n rotating the image of the alignment structure of the opposite orders 
over 180 degrees relative to one another, e.g. rotating one over 90 degrees and 
the other over -90 degrees. Such a structure has been described in European 
patent application No. EP 1 148390. The intensity of the combined light is 
measured at a detector 28. In this case, it is possible that no reference structure 
is needed in front of detector 28. The output of detector 28 may be used in the 
way described for figure 2. 

[000133] In a lithographic apparatus according to an embodiment of the 
invention, a alignment subsystem may be further arranged to use a non- 
periodic feature provided on the alignment structure which is detectable as a 
capture position or a check position. A check position may e.g. be used as a 
starting point for further alignment or as a confidence check. 

[000134] By including a non-periodic feature in the alignment structure, which 
can be detected using the normal alignment subsystem, a precise capture point 
or position for starting a fine wafer alignment can be provided by such a 
lithography apparatus. Such a capacity may allow removal of a periodic error 
ambiguity of existing (fine) wafer alignment methods, in any case beyond the 
periodicity of the fine alignment method. Alternatively, the lithographic 
apparatus may be used to check afterwards (i.e. after or during alignment of 
the wafer) whether or not a periodic error has been made. For example, using 
the present alignment subsystem embodiment a priori, the capture range of the 
alignment subsystem may be extended, and using the alignment subsystem a 
posteriori as a check may increase the robustness of the alignment subsystem. 

[000135] The non-periodic feature of the alignment structure may either induce 
a detectable phase shift in the detected signal, or a detectable intensity shift of 
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the detected signal. Various embodiments exist which each may provide their 
own specific advantages. 

[000136] In one embodiment of the phase shift inducing non-periodic feature, 
the non-periodic feature is formed by a phase shift between two parts of the 
alignment structure by a change of the width of one (or more) of the lines or 
spaces of the alignment structure. In this case, the alignment structure has two 
parts with the same periodicity of lines and spaces, but one (or more) of the 
spaces is reduced or enlarged in length to provide the non-periodic feature. 
One exemplary form reduces the space at the intersection of the two parts to 
half the periodicity of the phase grating (e.g. 4 jam in the case of a 8.0 jam 
phase grating) or extends it to one and half the periodicity (i.e. 12 |nm for the 
same phase grating). Effectively, in the transition region, the contributions to 
the measured signal of the alignment subsystem is then exactly in opposite 
phase for the two parts, which allows easy detection of the capture position 
(i.e. the position where the phase gradient of the detected signal is maximum). 

[000137] However, due to the opposite contributions, problems may arise due 
to the resulting low amplitude of the detected signal. This effect may be 
prevented by making the space even smaller (e.g. 200 nm in the case of a 8.0 
|xm phase grating), which results in a detected signal in which the phase 
change is still detectable, while the amplitude of the detected signal remains 
high. 

[000138] In a further embodiment of the phase-shift inducing system, the 
optical interference arrangement comprises a reference grating, and the non- 
periodic feature comprises a transition from a first part to a second part of the 
alignment structure. The first part has a periodicity which is less than the 
periodicity of the reference grating, the second part has a periodicity which is 
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greater than the periodicity of the reference grating, and the alignment 
subsystem is arranged to detect the capture position or check position from the 
resulting sloped phase information of the measurement light. Here, again, 
periodicity is the dimension of a single period in a periodical system, i.e. the 
dimension of a combination of a line and a space (greater periodicity thus 
means that the distance between two consecutive lines is larger). By properly 
selecting the periods of the first and second part of the alignment structure 
with respect to the reference phase grating, the phase of the detected signal 
may be made to change linearly with varying mutual displacement, but with 
opposite sign for the first part and second part. The capture position or check 
position can then be derived from the intersection of the two sloped phase 
signals. 

[000139] The resulting phase of the detected signal may in a further 
embodiment have the form of a sinusoidal shape, which allows an easy 
detection of the capture position, e.g. using a sinus profile fitting of the 
detected phase signal. For this, the alignment structure may comprise a 
position-dependent period change according to 
A(x)= eosfr*)-l 

X 

in which A(x) is the position-dependent period change, x is the position along 
the alignment structure, and L is the length of the alignment structure over 
which the phase should vary, and the alignment subsystem is arranged to 
detect the capture position or check position from the resulting sinusoidal 
shaped phase information of the measurement light. 

[000140] Advantageously, the sinusoidal phase profile mark may be designed 
such that the resulting sinus curve of the phase of the detected signal has a 
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period which is much larger than the periodicity of the fine alignment method 
(e.g. greater than 88 \±m). 

[000141] For the second class of marks, in which the intensity of the detected 
alignment signal is used to determine the capture position or check position, a 
first embodiment utilizes the finite dimension of the alignment structure as a 
non-periodic feature. In this case, the alignment subsystem is arranged to 
detect the capture position from the envelope of the intensity of the 
measurement light. In general, alignment structures in phase grating alignment 
systems are longer than they are wide, and the fine wafer alignment is 
executed using a scan of the alignment structure along its longest direction. 
To find a capture position for the coarse wafer alignment, the envelope of the 
detected alignment signal corresponds with the dimensions of the alignment 
structure used, and thus allows a capture position to be found. 

[000142] In a further embodiment, the alignment structure has a first 
dimension in a first direction and a second dimension in a second direction, in 
which the second direction is substantially perpendicular to the first, and in 
which the non-periodic feature is the first and/or second dimension of the 
alignment structure. This first and/or second dimension may be detected using 
a scan of the alignment mark at an angle a between 0° and 90° with the first 
direction. 

[000143] This embodiment may be used for all kinds of alignment structures, 
and is also called diagonal scan. When the scan is performed at an angle a to 
the first direction, the capture position in the second direction may be found. 
In general, alignment is performed in both the first and second direction, using 
mutually perpendicular alignment structures. So when scanning a first 
alignment mark (extending in the first direction), a capture position may be 
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derived for the second alignment mark (extending in the second direction), and 
vice versa. 

[000144] In a further embodiment, the diagonal scan is performed at an angle a 
larger than 0°. For example, it may be desirable to perform the scan at an 
angle a larger than 10°, e.g. at an angle a of 45°. 

[000145] This embodiment may also be used when two alignment structures 
are present on the wafer for the alignment subsystem (e.g. a 8.0 [im and a 8.8 
jam phase grating). After a diagonal scan is performed at an angle a to the first 
direction for the first alignment structure, the scanning is repeated for the 
second alignment structure, but now at an angle -a to the first direction. This 
approach may provide a capture position with a higher confidence (more 
robust solution). 

[000146] For a=0°, the scanning may be performed along the first direction 
only. Due to the finite dimension of the alignment structure, also in the first 
direction, this approach may provide a capture position in the first direction. 

[000147] For a=90°, the scanning may be performed along the second 
direction of the alignment structure. As the dimension of the alignment 
structure in the second direction is precisely known, this approach may allow 
determination of a capture position in the second direction, which may be used 
when performing fine alignment using a second alignment structure. In this 
case, it is possible that the reference grating and the alignment structure are 
precisely aligned, so that a very small resulting signal is detected. This effect 
may be prevented e.g. by using a reference grating with a periodicity different 
from the alignment structure, or by performing a new scan at a slightly offset 
starting position. 



30420953v 1 



P-1514.010-US 



49 

[000148] In a still further embodiment, the non-periodic feature is formed by 
the transition from a first part of the alignment structure to a second part of the 
alignment structure, the first part having a periodicity of X jj,m and the second 
part having a periodicity of X/n jim, n being an integer number. The 
alignment subsystem is arranged to detect the capture position or check 
position from a change in the intensity of an n-th order of diffraction of the 
measurement light. Two-part alignment structures may be relatively easy to 
produce, especially when choosing the parameters correctly. It may be 
desirable to take care that the shift in intensity of the detected alignment signal 
is large enough to be detected reliably, but also that the lower signal still has a 
sufficiently high amplitude. The invention could be implemented using a 
combination of a 8.0 jam part and a 8.0/7 jj,m part. Also the combination of 
X=8.0 fim and n=5 (grating period of 8.0 and 1.6 jwn, respectively) may be 
implemented, as well as other suitable combinations. 

[000149] In an alternative embodiment of a two-part alignment structure, the 
non-periodic feature is formed by the transition from a first part of the 
alignment structure to a second part of the alignment structure, the first part 
having a first duty cycle value of the lines and spaces and the second part 
having a second duty cycle value of the lines and spaces, and the alignment 
subsystem is arranged to detect the capture position or check position from a 
change in the intensity of the measurement light. Duty cycle is the ratio of the 
width of a line and a space in the alignment structure. As a different duty 
cycle of a phase grating in combination with the optical interference 
arrangement may result in a different amplitude of the detected signal, this 
approach may allow detection of the capture position. 
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[000 150] Further embodiments of the present invention provide for alignment 
of the substrate and the patterning structure in which a smaller alignment 
structure on the substrate suffices to provide for alignment and pre- 
positioning. 

[000151] In a method according to an embodiment of the invention, alignment 
under control of phase information involves a selection task, wherein a 
position of the substrate is selected so that the alignment structure and the 
reference structure are in an overlapping imaging relationship. The selection 
task may involve determining the amplitude of intensity variations of the 
measurement light output from the interference arrangement and/or a search 
for a position of the substrate so that the alignment structure and the reference 
structure are in an overlapping imaging relationship. For such purpose, 
intensity measurements may be subjected to different processing for the 
alignment task and for the pre-positioning task, respectively. During 
alignment, the phase of the periodic variations of the intensity is determined, 
and during selection, amplitude information of the variations is determined, 
preferably after filtering out variations that do not match variations due to 
relative movement of the alignment structure. This operation is done with a 
detector, which may be implemented as a suitably programmable computer 
that processes the same type of intensity information that is also used for phase 
measurement, but specialized detection hardware may be used as well. 
Subsequently, the alignment is performed at a position at or near a maximum 
of the measure of the amplitude. 

[000152] Although it may be desired is that radiation reflected from the 
alignment structure on the substrate is imaged onto the reference structure, 
radiation transmitted through the reference structure being detected, it should 
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be understood that the invention as claimed is not limited to this embodiment. 
Instead of transmission though the reference structure, reflection from the 
reference structure may be used and instead of imaging radiation from the 
alignment structure onto the reference structure, one may use imaging the 
other way around from the reference structure onto the alignment structure on 
the substrate. 

[000153] In some embodiments of the invention, the amplitude of the 
variations as a function of position of the substrate is filtered with a filter that 
is selective for variations in the amplitude that correspond to the spatial 
frequency of the period of the alignment pattern and the filtered amplitudes are 
use in the search. One way of implementing such filtering is to correlate the 
amplitude variations with a plurality of mutually displaced versions of a basic 
matching pattern. Correlation techniques are also often used to determine the 
phase, but in that case a single displaced version may suffice. By using 
correlation techniques, circuitry of a type that is used to determine the phase 
may also be used to determine the amplitude information. 

[000154] It may be desirable to use a phase grating alignment technique for 
alignment, wherein only selected orders of diffraction from the alignment 
structure are used to determine the amplitudes. 

[000155] In some embodiments of the invention, the phase of the intensity 
variation of the measurement light is used for alignment in one direction, 
typically the direction in which the periods of the alignment structure follow 
one another. In such case, further alignment structures on the substrate and/or 
reference structures in the lithographic apparatus may be used to control 
alignment in another direction transverse to said direction. Nevertheless, a 
single alignment structure and/or reference structure may be used for the two- 
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dimensional search for a position of the substrate for the preposition prior to 
control dependent on the phase. Such an arrangement is possible because the 
amplitude of the intensity variations of the output radiation may be indicative 
of overlap in two dimensions even when the phase is indicative of position in 
only one dimension. 

[000156] In some embodiments of the invention, only a single direction 
component in a direction transverse to the direction of periodic variation of the 
periodic alignment structure is determined from the amplitude measurements 
for an alignment structure. This approach may be done in cases where the 
image of the alignment structures extends further in the direction of the 
periodic variation than transverse to that direction. This effect may be a result 
of the fact that alignment structures are provided in scribe-lanes on the wafers 
between adjacent chips. A large number of repetitions in an alignment 
structure may be realized along the length direction of a scribe-lane. 
Transverse to that direction, the alignment structure has a much narrower 
extent. This arrangement may lead to a better defined localization of the 
alignment structure as a function of position along said transverse direction 
than along the length direction of the scribe lanes. A similar effect may be 
caused by the way the alignment structure is imaged onto the reference 
structure, for example by the shape of pupil apertures used to filter light from 
selected order of diffraction. Therefore, in such an embodiment it may be 
desirable to use the maximum only to search for the component of the 
alignment position along a direction transverse to the direction of periodic 
variation of the alignment structure. 

[000157] Different alignment structures, with different directions of periodic 
variation, may be present in mutually orthogonal scribe lanes areas on a wafer. 
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In some embodiments of the invention, the amplitudes obtained from 
alignment structures with periodic variations in first and second mutually 
transverse directions in different scribe lanes are used to search for different 
components of the alignment position transverse to the first and second 
direction respectively. For example, alignment structures in horizontal scribe 
lanes may be used for searching for the vertical component of the alignment 
position and alignment structures in vertical scribe lanes may be used for 
searching for the horizontal component of the alignment position. Because an 
alignment structure may extend over a large range along the length of the 
scribe-lane, the initial position along this length is usually not critical during 
the search to ensure that the alignment structure is encountered when the 
apparatus scans transverse to this length direction. 

[000158] In a device manufacturing method according to an embodiment of the 
invention, the alignment structure comprises a non-periodic feature which is 
detectable as a capture position using the alignment subsystem. Device 
manufacturing methods according to this and further embodiments of the 
invention may provide advantages which correspond to the advantages 
mentioned above in relation to the associated apparatus and/or methods 
according to embodiments of the invention. 

[000159] An alignment structure according to an embodiment of the invention 
comprises a non-periodic feature. 

[000160] A lithographic apparatus according to an embodiment of the 
invention may comprise a support structure for supporting patterning structure, 
the patterning structure serving to pattern a projection beam of radiation 
according to a desired pattern; a substrate table for holding a substrate with an 
alignment structure thereon, the alignment structure having spatially periodic 
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optical properties; and an alignment subsystem for aligning the substrate on 
the substrate table relative to the patterning structure, the alignment subsystem 
comprising optics (e.g. an optical arrangement) for optically processing light 
reflected from or transmitted by the alignment structure, to produce 
measurement light whose intensity varies with the relative position of the 
spatially periodic alignment structure and a reference position defined relative 
to the patterning structure; with a sensor connected to the optical interference 
arrangement for measuring intensity and/or phase information of the 
measurement light, and an actuator for controlling a relative position of the 
substrate table and the patterning structure based on the intensity and/or phase 
information of the measurement light. 

[000161] A device manufacturing method according to a further embodiment 
of the invention comprises providing a substrate that is at least partially 
covered by a layer of radiation-sensitive material, the substrate comprising an 
alignment structure with spatially varying optical properties; using patterning 
structure to endow a projection beam of radiation with a pattern in its cross- 
section; aligning the substrate relative to the patterning structure, said aligning 
comprising incorporating the substrate in an optical arrangement, which 
optically processes light reflected from or transmitted by the alignment 
structure, to produce measurement light of which the intensity varies with the 
relative position of the spatially periodic alignment structure and a reference 
position defined relative to the patterning structure; measuring intensity and/or 
phase information of the measurement light; controlling a relative position of 
the substrate and the patterning structure based on the intensity and/or phase 
information; and projecting the patterned beam of radiation onto a target 
portion of the layer of radiation-sensitive material. 
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[000162] An alignment structure according to an embodiment of the invention 
for aligning a work piece relative to a reference position using optical 
measurements, such as interferometric measurements, comprises at least one 
phase grating mark having a plurality of adjacent lines and spaces with a 
predetermined periodicity. 

[000163] Whilst specific embodiments of the invention have been described 
above, it will be appreciated that the invention as claimed may be practiced 
otherwise than as described. It is explicitly noted that the description of these 
embodiments is not intended to limit the invention as claimed. 
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